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ABSTRACT 

The new method can focus monochromatic radiation from a point 
source or parallel beam down to a point image* Conversely, radia- 
tion from a point source can be focused Into an outgoing parallel 
beam. The focusing to and from a parallel beam has never been 
achieved before with diffraction crystals. The method makes use 
of bent diffraction crystals in which the intercrystalline-plane 
spacing is varied as a function of position in the crystal. The 
Bragg angle for diffraction of monochromatic radiation will now 
vary as a function of position In the crystal and this new degree 
of freedom is used to obtain focusing and imaging of the diffracted 
beam. This new approach to focusing and imaging is applied to the 
design of a 2arge-area, high resolution x-ray telescope that is also 
a high resolution monochromator with the unique feature that the 
width of the energy Increment that is diffracted can be controlled 
and varied during the operation of the instrument. This makes it 
possible to first scan the field with a wide energy increment and 
ther switch to a narrow energy increment for the high resolution 
work. The new focusing system can be used with both transmission 
and reflection type diffraction crystals and is applicable to 
photons with energies from a few keV to 500 keV. High resoltion 
imaging (few arc sec) is possible even at the higher photon energies. 
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I. INTRODUCTION 

Diffraction crystals have been used for many years to focus a point or line 
source to a line image (Johnson, 1931) and in some special cases to focus a 
point source to a point image (Berreman, et al*, 1954 and Berreman*, 195S)« A 
schematic drawing of the basic geometry used in these instruments is shown in 
Figure 1. The source, image, and bent crystal all lie on a focal circle whose 


BENT CRYSTAL 



Fig. 1. Classic reflection-type focusing crystal-diffraction 

spectrometer. 6 is the Bragg angles, "A** is the radius 
of the focal circle and **2A" is the radius of curvature 
of the bent-crystal. D]^ and D 2 are the image distance 
and the source distance, respectively 

diameter is equal to the radius of curvature (2A) of the bent-crystal. D]^, 
the image distance in equal to D 2 the object distance. If the diffraction 
crysal is bent to a cylindrical shape the radiation will be focused to a line 
image. If the diffraction crystal is also bent in the direction perpendicular 
to the diffraction plane (the diffraction plane is the plane containing the 
incoming and outgoing rays) then it is possible to focus the radiation from a 
point source to a point image. The first type of focusing system works quite 
well in the laboratory when used with reasonable values for the diameter of the 
focal circle. A multiple crystal version of this type of instrument was used 
in conjunction with the grazing incidence x-ray telescope in the Einstien Ob- 
servatory to do spectral analysis of the x-ray image (Canisares, et al. 1977). 
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This type of Instrument can not be extended for use with a point source at 
infinite because as D 2 , the source distance increases the value of the 
image distance increase as well and in the limit when D 2 also ap- 

proaches infinity and the bent crystal becomes a flat crystal (2A * <»)• Thus 
the incoming parallel beam is diffracted as a parallel outgoing beam with no 
focusing in the diffraction plane. The use of a transmission type diffraction 
spectrometer does not help (see Figure 2). Here the diffracted beam is always 



Fig. 2. Transmission-type cr> al-diffractlon spectrometer. ”A” is the 
radius of the focal circle and ”2A” is the radius of curveture 
of the bent crystal 

defccused and approaches a parallel beam diffracted by a flat crystal when the 
source distance approaches Infinity. In this mode of operation the diffraction 
crystal can be viewed as an excellent monochromatic collimator. Although this 
type of Instrument is not very useful for imaging it could be used to make a 
spectra analysis of a large gas cloud or other extended sources. The different 
wavelengths would be focused at different places on the focal circle so the full 
spectrum could be recorded at the same time with a position sensitive detector 
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II . NEW METHOD OF FOCUSING X-RAYS 

The new focusing method is discussed in detail in a recent article in 
R.S.I. by R. K. Smither (1982). The basic approach is illustrated in Figure 3. 
Here a flat crystal is used to focus monochromatic radiation from a point or 
line source to a line image by varying the crystal "d" spacing in the diffrac- 
tion crystal as a function of the distance » ”x'\ from the baseline (line from 
source to image) . A thermal gradient is used in this example to change the ”d" 
spacing so that the Bragg condition: 

n\ 2d sin e (1) 

is satisfied over the whole crystal surface for monochromatic radiation. If 
Di = D2 this will automatically satisfy the focusing requirements as well. 


CRYSTAL WITH 
THERMAL GRADIENT 
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Flgv 3. New transmission type of crystal diffraction spectrometer using 
an unbent crystal with a thermal gradient applied to the crystal 
perpendicular to the diffraction planes with decreasing temper- 
atures as X Increases* The Image distance, D^, equals the 
source distance, . Di must be equal to D2 for the Bragg 
diffraction condition to be satisfied 


The fractional change In the **d” spacing must match the fraction change In the 
value of sin 0« Thus: 


Ad/d ■ A sin e/sln e ■ AG cot 0 (2) 

where 6 Is the Bragg angle and d the **d*' spacing In the crystal* In £q. (1), 

X Is the wavelength and **n” the diffraction order* 
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The thermal gradient needed to achieve this diffraction focusing is given 
by Eq* (3) 


Lt 

dx 


1 

ad 


Ad 

Ax 


“COS 


2 0 


ax 


(3) 


where a is the coefficient of thermal expansion and Ad/d » aAt. The change in 
6 that can be focused is determined by the temperature differential. At, that 
is applied to the crystal* If the diffraction process uses the planes in 
quartz that are oerpendicular to the optical axis, a is 1*34 x 10^^/^C and 
assuming a At of 200®C this gives Ad/d * 2.7 x 10“^. If 0 ■» 20® then A0 « 

10^3 radians or 200 arc sec. This can be compared with the two arc sec for 
the rocking curve or acceptance angle of a good crystal without the presence 
of a thermal gradient. This results in an improvement of a factor of 100 for 
the diffraction intensity, while at the same time obtaining good convergence 
of the beam. The width of the image will be equal to the width of the source 
and will not reflect the mosaic structure of the crystal. This last effect 
leads to much better imaging than one might expect and comes about because 
most high quality crystals are composed of many small crystallite structures 
whose rocking curve or diffraction resolution is much better than the width of 
the mosaic structure which is a measure of the relative misalignment of these 
crystallites . 

The more general case where is not equal to D 2 is shown in Figure 4. 
Both the transmission case (Figure 4a) and the reflection case (Figure 4b) lead 
to focusing so both large and small values of G can be handled with ease. The 
transmission case acts like a cylindrical lens (the first practical lens for 
high energy x-rays) and the reflection case like a cylindrical mirror. Both 
cases require that the diffraction crystal be bent. The radius of curvature, 

R 


c » 


which controls the rate of change in the crystal plane tilt angle, ♦, is 


given by Eq. (4) for the transmission case. 


2RiR2 


(R1“R2) COS0 


(4) 


and Eq. (5) for the reflection case 


2RiR2 


(R 2 +R 1 ) sin0 


(3) 


where Ry and R 2 are the distance from the image to the crystal and from 
the source to the crystal, respectively. 4 is the angle between the crystal 
planes and the baseline. For a distant source D 2 and R 2 approach infinity 
as before but D| and R^ remain finite and can be scaled up or down as one 
wishes so we now have two systems that will focus a parallel beam of radiation 
to a line image. The parallel beam focusing case is shown in Figure 5. The 
focal distance, Dj, in both cases is given by Eq* (6) 


Dj • x cot 20 


( 6 ) 
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Fig. 4 . (a) Transmission type and (b) reflection type diffraction 

spectrometer asing thermal gradients and bent crystals for 
the general case when the image distance, is not equal 
to the source distance, D2* ^ is the angle of tilt of the 
crystal plane, x is the height of the crystal plane above the 
baseline, and and R2 are the distances from the point of 
diffraction to the image and source, respectively. 


\ 
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Fig. 5. Special case for parallel beams (source at Iniflnlty) for the 

(a) transmission case and (b) reflection case of the new focusing 
method using bent crystals and thermal gradients, d, x, Di, D 2 , 
R]., and R 2 are the same as In Fig. 4 
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If a polv't focus is required as it night in an imaging telescope then a second 
crystal-diffraction element will be required to focus the beam in the plane at 
right angles to the first focusing plane • This requires that the second crystal 
elenent be rorated by 90^ around the axis of the beam as is shown in Figure 6* 



FOCUS 



FOCUS 


Fig* 6* Special case of double focusing of parallel beans for the 

(a) transmission case and (b) reflection case using the new 
bent crysta/themal gradient method 
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A iDore elegant but more complicated method can be found to obtain double 
focuatng with the reflection type diffraction crystal (Berremant 1^55). 

This approach is shown in Figure 7 where the diffraction crystal is also 
bent in a second direction» in the plane perpendicular to the diffraction plane. 
Either type of double focusing opens up the possibility of doing good imaging 
with a space telescope that uses some sort of position sensitive focal plain 
detector. 



Fig. 7. Double focusing with a single crystal .lament that has 
been specially ground and shaped before bending and the 
application of a thermal gradient 


In the parallel beam focusing case D 2 and R 2 approach 
simplifies the expressions for R^., At/&1 or &d/At where At 
along the surface of the crystal in the diffraction plane, 
transmission case Is given by Eq. (7) 


infinity. This 
is the distance 
Rf. in the 


^ * cos s 


(7) 
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and Eq. (8) in the reflection case 


2Ri 

“ sin e 


( 8 ) 


Also ^ « G and the fractional change needed in the crystal spacing Ad/d is 
given by Eq. (9) for the transmission case. 


Ad cos2 0 
d “ 2Ri sin 9 


(9) 


and for the reflaction case, Eq. (10) 

Ad cos e 



( 10 ) 


The corresponding thermal gradient needed for the transmission is 
At cos^ 0 cos 0 sin 2 0 

* m • ^ 

At 2aRx sin 0 ax 2 sin 0 


( 11 ) 


and in the reflection case 

At cos 0 cos 0 sin^ 0 

At 2aRx ox 2 


( 12 ) 


For small values of 0 the thermal gradient approaches a constant (1/ox) 
for the transmission case* In the reflection case the thermal gradient goes 
to zero as 0 approaches zero or 90®. Note that the "d** spacing of the crystal 
does not enter into these equations so they are quite general. Also, the 
minimum value R]^ or x that can be used is set by the maximum value allowable 
for At/Al where At is the length along the crystal surface in the diffraction 
plane. Thus the minimum size of the spectrometer is set by the maximum per- 
missible value of the thermal gradient. At/ At. For 0 » 20® and a - 1.34 x 10~5 
(Quartz) and At/At • 200®C/cm, x^in “ 329.5 cm in the transmission case and 
*min " 112.7 cm in the reflection case. For a At/At of 100®C/cm they will be 
twice as big, etc. This means that a spectrometer that relys on a thermal 
gradient to change the **d** spacing will be large, especially for small values 
of 0. 
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III. DIFFERENT METHODS FOR CHANGING THE CRYSTAL PLANE SPACING 

The above discussion has used a thermal gradient to vary the **d*" spacing 
in the diffraction crystals. The range of Bragg angles over which the cr 3 fstal 
will focus monochromatic radiation is limited by how large a temperature dif* 
fereiic«. can be applied to the crystal. In principle one could apply a At of 
lOOO^C to a quartz cr 3 T 8 tal which would correspond to a Ad/d • 1.34 x 10“*2 or 
1.34%. In practice a At of 300®C (-100®C to -f200®C) is all one would like to 
consider. This would give a Ad/d » 4 x 10~^ or 0.4%. As discussed in the 
previos section » the minimum value of x^ the distance of the crystal from the 
axis or baseline is determined by t* maximum value attainable for At/At [see 
Eq. (11) and (12)) and sets a minimum size for the spectrometer. An alternate 
method for changing the **d** spacing is to grow a crystal composed of two types 
of atomic like Si and B or Si and Ge (Pearson, 1967), (Pearson, 1972), and 
(Smither, 1982) and change the relative fraction of each type of atom as a 
function of position in the crystal. The lattice spacing in a Si-Ge mixed- 
element crystal can be changed from a value of d » 5.434 for pure Si to a value 
of d - 5.657 for pure Ge. This change in “d” of 4.1% corresponds to a At * 
104®c for the thermal gradient method for varying **d**. This approach has the 
advantage of giving large values of Ad/d and A0 and at the same time not re- 
quiring the power needed to maintain the thermal gradients needed in the 
examples cited, previously. The main disadvantage of this approach is that it 
does not have the ability to change the spacing gradient during the experiment 
and adjust for the focusing of different wave lengths or tne ability to scan 
over a line in the spectrum by just changing the average temperature of the 
diffraction crystal. If the two approaches are combined, both the large AG 
and the variable Ad/At can be retained. The use of at least some thermal gra- 
dient is also important because it retains the ability to control and change 
the increment of wavelength, AX, that is focused at one position on the focal 
plane. The narrowest value of AX is obtained when the Ad/ At is matched to the 
changing Bragg angle needed for a perfect focus. If the system is detuned by 
using an incorrect value for the Ad/At then a range of wavelengths will be 
focused at the image spot. This will allow a search mode to be used in the 
instrument if the energy of the line is not well known. After the line is 
located then the value of AX can be adjusted to give the best sensitivity 
and/or resolution. 


IV. APPLICATION TO A X-RAY TELESCOPE 

A number of the special features of the new method, focusing monochro- 
matic radiation, imaging, control of AX, line scanning, etc., could be quite 
useful in the design of an x-ray telescope. Although the method could be 
applied to the low energy x-ray region (E^ < 5 keV) the considerable success 
of the grazing incident telescope like the one flown on the Einstein Obser- 
vatory in this energy region make it more interesting to look at a telescope 
designed to look at radiation in the 10 keV to 200 keV range and the poss- 
ibility of extending it to the 200-600 keV range. The fluxes at these higher 
energies are quite low so the collection area must be large, the order of 
square meters. This means that a large number of crystal elements will be 
needed that all contribute to the same focal spot. Figure 7 is a schematic 
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drawing of a large area telescope where the individual diffraction crystals 
are located on a large ring structure. Assuming crystals of 6 cm length 
(Radial direction) and 0.3 cm wide mounted on a ring 20 m in diameter and 
assuming a 20 % loss in area for the support structure then this one ring will 
have an entrance aperature for the telescope of 3*0 x 10^ x cos 0 (cm^) for 
the transmission case and 3.0 x 10^ x sin e (cm^) for the reflection case. 

For small values of 0 the transmission case or large values of e in the re*-^ 
flection case the entrance aperature would be about 2.5 to 2.2 m^ and never 
need be lower than 2.1 m^. If 5 such crystal rings are used then the entrance 


QRCULAR 



CRYSTALS 


Fig. 8 . Schematic drawing of a space telescope with a ring of 
diffraction crystals focusing a parallel beam into a 
circular slit* Details of the circular slit and 
detector are shown in the upper left 


aperature will increase to 10.5 to 13 square meters or ^10^ cm^. If one uses 
high quality crystals then the through put of this system can be quite large 
due to the high reflectivity of the diffraction process. If one uses trans*- 
mission crystals it is possible to select a thickness for the crystals that 
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maximizes the product of reflection of the crystal times the transmission 
through the crystal so that 30 to 40X of the incident monochromatic radiation 
is focused on the focal spot for any selected x-ray energy from 20 keV to 
200 keV. At 500 keV the through put drops to 13%. Table I gives reflec- 
tivity and transmission coefficients for optimum thickness Quartz crystal based 
on measurements made on high quality quartz crystals at ANL* In principle » this 

Table !• Reflectivity and transmission coefficients for higher quality 

quartz crystal plates when used as transmission type diffraction 
crystals* The thickness of each plate has been optimized at each 
photon energy (E^) for the highest product of the reflectivity x 
transmission (Ref* x Trans*)* 


Ey 

Thickness (Opt . ) 

Reflectivity 

Transmission 

Ref * X Trans * 

(keV) 

(mm) 

(. 7 .) 

(I/Io) 

(%) 

10. 

0.04 

45.5a 

.825a 

37.6 

20. 

0.22 

48*2 

.872 

42.0 

50. 

1.45 

48.5 

.897 

43.5 

100. 

4.50 

46.6 

.829 

38.6 

250. 

20.0 

42.7 

.670 

28.6 

500 

30.0 

25.7 

.499 

12.8 

1000. 

50.0 

13.0 

.430 

5.6 


^Values extrapolated from data at higher energies* 


approach could be extended down to 3 keV but the optimum thickness at these low 
energies becomes so thin that the crystals become difficult to handle and the 
use of reflection type crystals is more practical* A similar set of values can 
be obtained for the reflection case .Thus the effective collection area of the 
telescope for monochromatic radiation can be made the order of one third of 
the entrance aperature at any x-ray energy below 200 keV by choosing the right 
crystals and crystal thickness for the transmission case or by using the right 
crystals in the reflection case for x-rays with energies below 20 kcV. This 
gives an effective collection area of 1*0 to 0.7 m2 (10^ to 7 x 10^ cm2) 
for one ring and 5 m^ to 3*5 m^ for the 5-ring assemble* These are large 
effective areas and assume single crystal diffraction elements* If the cry- 
stals are bent in only one direction as in Figure 5, then a line focus will be 
obtained and the focused radiation from a large ring (Figure 8) would be spread 
over an image spot whose diameter is equal to the width of the individual dif- 
fraction crystals* A 0*5 cm width gives an area of the image spot » 0*2 cm2. 
For a focal distance (D|) of 10 m this corresponds to a spot whose angular 
diameter is 100 arc sec. 
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Better angular resolution (^10 arc sec) and energy resolution can be 
obtained by focusing the crystals on a circular slit as shown in the upper 
left of Figure 8* This approach has the disadvantage in that it will not 
allow imaging of extended sources. If better imaging is desired than was 
obtainable with the cylindrically bent crystals discussed above then a doubly 
bent crystal element (see Figure 7) will have to be used or two singly^bent 
crystals (see Figure 6). If the later is used the maximum through put will 
be reduced from (30Z to 40X) to (lOZ to I6Z). The much better focus however 
will greatly Increase the photons/cm^ and the signal to background ratio. 

The spot size will now depend on the quality of the diffraction crystals used 
and could have a diameter of a fow arc sec which corresponds to an image dia- 
meter of 0.2 mm for a focal length of 10 m and an angular width of 4 arc sec* 
The price that must be paid for this high resolution is that the instrument 
will be highly monochromatic and only a very narrow band of wavelengths will 
be diffracted at one time. The value of Ey/^Ey * 2 x 10^ at 6 keV for a 4 sec 
width and a 2.57 A **d” spacing (quartz » lid). This corresponds to a dif- 
fraction width of 0.3 ev. At 60 keV, the above example gives E/ AE ■ 2 x 10^ 
or a width of 30 ev. The doppler broadened line width (FWHM) of 6 keV line 
in a plasma with T * 10^ ^ would be 2*2 ev and for a 60 keV line the broad- 
ened line width would be 22 ev. The 60 keV case is match in AE to the doppler 
broadening quite well and even if the plasma temperature was 10^ K wi th the 
increased doppler width A6[) » 70 ev« the loss would be less than a factor of 
2. The resolution, AE, would also be the right order of magnitude to measure 
the temperature of the source by measuring the line width. The 6 keV line is 
not matcned very well to the doppler broadening and it may help to detune the 
diffraction crystal by changing the thermal gradient so that the A0 is 16 arc 
sec rather than 4 arc sec. This would give a A£ for the diffraction process 
of 1.2 ev which would be a better match to the doppler broadened line. The 
total peak counting rate would however remain the same because the gain in 
reflectivity at one energy is balanced by the loss at another. The important 
feature of this t 3 rpe of AE control is that there is no loss in resolution 
either in the diffraction phase or in the plane perpendicular to the dif- 
fraction plane. If AE is increased by using a crystal with a large mosaic 
structure the loss occurs in both planes. If the mosaic structure of the 
diffraction crystal is increased from 4 sec to 16 sec then the reflectivity 
of the crystal for a single wavelength ^s decreased by a factor of 4 as it 
was before but there is also an increase in the image spot size in the di- 
rection perpendicular to the diffraction plane. This second expansion In the 
plane perpendicular to the diffraction plane is often neglected in efficiency 
calculation but it can seriously reduce the signal to background ratio in a 
focal plane detector* The expansion of the image in this 8 idewa 3 rs direction 
is given by Eq. (13) 


A0^ * 40h tan 20 (13) 

where AG^ is the width of the mosaic structure. For values of 0 « 22^ 

(Ey « 6.4 keV in the above example) it becomes equal to the mosaic 
structure width. In the above example this effect would expand the image 
size further and decrease the photons per cm^ in the image spot by an 
additional factor of 4. This additional spreading of the image will not only 
reduce the signal to backgrond ratio and thus the sensitivity of the instru- 



nent but also seriously interfere with the resolution of two nearby Images. 

This image broadening effect is discussed more throughly in the next section. 

IV. IMAGING 

The great success of the grazing incident telescope flown on the Einstien 
Observatory in generating high-resolution, two-dimensional images of extended 
sources has made everyone aware of the importance of imaging in x-ray astro- 
nomy. It is. therefore, of interest to see if the high resolution, monochro- 
matic. x-ray telescope discussed above can be used to image extended sources. 

In most cases a diffraction crystal can be described as a collection of small 
nearly-perfect crystallites whose rocking curves or diffraction widths are 
much narrower than the width of the mosaic structure* In high quality quartz 
the diffraction width of these small crystal'.ites can be the order of 0.1 arc 
sec for SO keV radiation. The mosaic structure width is thus a measure of the 
misa! gnment of these small crystallites and for very monochromatic radiation 
from a distant point source only a small fraction of these crystallites will 
be available for diffracting the incoming beam. The rest will be orientated 
at angles that do not satisfy the Bragg condition. If the diffraction width 
of the crystallites were the only thing contributing to size of the image on 
the focal plane and the crystal had an overall mosaic structure of 10 arc 

sec., then an image would be formed within this 10 arc sec range with 0.1 arc 
sec resolution. Unfortunately the crystallite diffraction width is not the 
only contributor to the image spot size. As was mentioned in the previous 
section the overall mosaic structure of the crystal spreads out the image 
spot in the direction prependicular to the diffraction plane. The amount of 
spreading is given by Eq. (13). where AS • AS^ tan 29. Even for small values 
of 9 this spreading will be noticeable. (9 « 5®, A9 « lo x tan 10® -1.8 arc 
sec) and for 9 • 20® (0 - 22.5®. A9 • 10 x tan 45® ■ 10 arc sec) or larger, 
the spread will be equal to or larger than the mosaic structure of the whole 
crystal and make It more difficult to resolve Images in this direction. This 
effect Is shown in Figure 9. The above examples assumed very monochromatic 
radiation. Most astronomical line sources have a finite line width either due 
to the life time of the x-ray or due to doppler broadening. In this case dif- 
ferent subsets of crystallites will reflect different wavelengths at slightly 
different Bragg angles. This results in a spreading of the image spot in the 
diffraction plane. If the line is very broad then the spreading in this 
direction will approach the mosaic structure width. The image spot size for 
a range of values for 9 is shown in Figure 10. Off-axis sources will also be 
imaged on the focal plane but with some distortion. For a single element fo- 
cusing crystal like the one shown in Figure 7. The field of view is quite 
wide in the direction perpendicular to the diffraction plane (plane containing 
the source, center of the crystal and center of an axis image). For monocro- 
matic radiation imaging in the diffraction plane is limited to an angular width 
similar to the mosaic structure. Images of sources with broad spectral lines 
will be formed in this off-axis direction within the rang^ of angles that cor- 
respond to the spectral line width. If the telescope consists of a large ring 
of focusing crystals then some part of the ring will always be available for 
off-axis diffraction so large angular areas (10 min x 10 min) can be imaged 
with decreasing sensitivity as one moves farther off-axis. The distortion of 
these images will not be too great even if large diameter circular rings are 
used. For the case of a 20 m diameter ring. 6 « 10®. and an off-axis distance 
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2 ® 5 ® 10 ® 20 ® 



Fig. 9. Image spot size as a function of 9 ■ 2®, 5”, 10®, and 20® and 
mosaic structure width &9 m ** 2 sec and 10 sec for a double 
focusing single crystal system for a point source and mono- 
chromatic radiation. The solid filled area in the 50% height 
contour while the open line Is the 10% height contour 
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4^2 - 0. t sec 


Fig. 10. Image spot size as a function of 6 « 2**, 5**, 10°, and 20° 
for a single crystal system with a mosaic structure width 
A6]if ~ 2 sec when imaging continuum or very broad line sources 
from a distant point source. The shaded area is the 50Z 
height contour while the outer ring is the lOZ height contour. 
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of 20 arc sec the distortion of the Image, is only 2.5 arc sec. In 

general Ai|i]) given by Eq. (14) 

4^d " 4* sin 2e tan 26 (14) 

where 4* is the off-axis angle of the source. Note that the angular distortion 
is not a function of the size of the instrument or the focal length and the 
ratio of A4 *d/4>d only a function of the Bragg angle 6. 

The use of a large circular ring of crystals generates an image spot that 
is a composite of the super imposed Images from each crystal. This composite 
image can be generated from the single crystal images in Figures 9 and 10 by 
rotating these images through 360* aroung their centers. The off-axis images 
are generated in a similar way except that as the image rotates around its 
center, the center moves around a circle whose angular diameter (A\|){)) is 

given by Eq. (14). This distortion tends to disappear when the off-axis angle 

is large because the crystal elements responsible for the distortion are no 
longer at the right angle to diffract the beam. In many of the cases shown in 
Figures 9 and 10 the image is much larger in one dimension than the other and 

this rotation will generate an Image with an appreciable larger area than the 

single crystal image. This will reduce the sensitive of the system and can 
considerably degrade the angular resolution. This image degradation can be 
partially eliminated by using narrow pie-shaped sectors covered with crystals 
rather than a continuous ring and focus each sector on a separate position 
sensitive detector. This would require the construction of sets of crystals 
with different average crystal spacings but it could Improve the Imaging at 
least In one direction by a factor of 5 to 10 depending on the angular width 
of the sectors (12® to 6*). 

As mentioned above, if one increases in order to Increase the range 
of wavelengths focused a spreading of the image in the direction perpendicular 
to the diffraction, AOj., also occurs. This loss in resolution and sensitivity 
can be avoided if one grows a reflection-type crystal so that the "d" spacing 
varies with depth into the crystal as well as with the position along the sur- 
face of the crystal. This variation of "d" with distance into the crystal has 
been used to Increase the intregal -ef lectlvlty of a classical type Instrument 
(see Figure 1) by varying the amount of Boron added to a silicon crystal grown 
epitaxially on a silicon crystal substrate (Fukuhara and Takano, 1980). The 
width of the diffraction peak was increased from a few arc sec for the undoped 
Si crystal to 80 sec for the epitaxial layer with graded Boron concentration 
that was 28 iim thick. This corresponds to fractional change Ad/d ■ -10”^ and 
an enhancement of the rocking curve for the Cu x-ray by a factor of 4 when 
using the 220 diffraction planes. The surface concentration of Boron was 
estimated to be 1.2 x 10^^ atoms/m^ (0.24Z). 

V. SUMMARY 

The above discussion should not be considered as a formal proposal for an 
x-ray telescope but rather an illustration of the principals of the new focusing 
system and how it might be applied to the focusing and Imaging of x-rays from a 
distant astronomical source. The real breakthrough for this application is the 
ability to image parallel beams (distant sources) of x-rays and the large con- 



vergency angles that allow one to collect high energy x-rays from large areas 
without using Impossibly long focal lengths* 


The abl]*.ty to change the width of the wavelength Increment, AX, being 
diffracted without changing the Image size and the ability to scan the line 
In wavelength without changing any of the physical dimensions of the Instru- 
ment add to the attractiveness of this approach. The main design problems are 
how to apply thermal gradients to the bent crystals In a uniform and control- 
lable manner and how to position and align a large array or ring of crystals 
to obtain the good resolution that Is theoretically predicted. 
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